Anthropogenic pollution is known to negatively influence an organism's physiology, 15 behavior and fitness. Epigenetic regulation, such as DNA methylation, has been hypothesized 16 as one mechanism to mediate such effects, yet studies in wild species are lacking. We first 17 investigated the effects of early-life exposure to the heavy metal lead (Pb) on DNA 18 methylation levels in a wild population of great tits (Parus major), by experimentally 19 exposing nestlings to lead at environmentally relevant levels. Secondly, we studied the effects 20 of heavy metal exposure in a population close to a copper smelter, where birds suffer from 21 pollution-related decrease in food quality. For both comparisons, the analysis of about million 22 CpGs covering most of the annotated genes, revealed that regions enriched for developmental 23 processes showed pollution-related changes in DNA methylation, but the results were not 24 consistent with binomial and beta binomial regression. Our study indicates that post-natal 25 anthropogenic heavy metal exposure can affect methylation levels of development related 26 genes in a wild bird population. 27 28 29 30 31 32 33 34 105 106 Methods 107 Study species 108
Introduction 35 Epigenetic control of gene expression, such as DNA methylation, is increasingly recognized 36 as playing a major role in many different cellular processes. DNA methylation is the addition controls. The exposure covered the whole pre-fledging period. Secondly, we studied 86 methylation patterns using nestlings from a population close to an anthropogenic pollution 87 source, copper smelter (Eeva et al. 1997 ). Around the smelter, nestlings are exposed to 88 multiple metals (in low concentrations) and experience an altered nutritional quality and 89 quantity compared to controls. In the latter case we therefore studied the combined effect of 90 altered nutrition (indirect effect of metal pollution) and direct, low, metal exposure on DNA 91 methylation. In our recent work using the same experimental protocol we found that lead 92 exposure and altered nutrition during nestling development lead to changes in e.g. growth, 93 oxidative stress markers, stress protein levels and vitamin metabolism, but the mechanisms, (Wreczycka et al. 2017) . To avoid sacrificing the individuals, we used blood as a source 102 tissue; previous studies suggest that blood shows similar methylation patterns as brain tissue 103 in the study species (e.g. 80% similarity between brain and blood methylation in CpGs Derks 162 We used a reduced representation bisulfite sequencing (RRBS) approach, which enriches the 163 regions of the genome that have a high CpG content (Meissner et al. 2005) . It was previously 164 shown in the study species that the vast majority of the methylated cytocines (97%) were 165 derived from CpG sites in blood (Derks et al. 2016) . Sequencing was conducted at the ). The resulting methylation levels per base pair were inspected to detect potential 208 methylation bias in the beginning and in the end of read 1 and 2 (Hansen et al. 2012 ). There 209 was lower methylation in the beginning and higher in the end of read 2. Therefore, the first 210 four bases and the last base were removed from the read 2 for subsequent analyses 211 (supplementary figure 1). On average, we recovered 16.08 million raw reads (range 13.55-212 21.15) from each RRBS library and after quality filtering 11.72 million reads remained 213 (range 10.12-15.06). On average 6.36 million (54%) of the quality filtered reads were were shared between these two comparisons.
RRBS library preparation
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Two methods were used for the identification of differentially methylated CpG sites. 234 First, a generalized linear model was used as implemented in the R package Methylkit. This 235 method assumes that the methylated and un-methylated counts follow a binomial distribution 236 and the effect of group/treatment can be estimated with a log-likelihood test (Akalin et al. (Table 1) . At the SMELTER site, we found intermediate fecal 270 lead levels, not significantly different from either HIGH or CONTROL (Table 1 ). In the 271 SMELTER area, concentrations of other measured heavy metals (As, Cu, Cd, Ni) were 272 higher than in CONTROL or HIGH treatment (Table 1) . (Table   298 2). For beta binomial regression the original p-values were recalculated based on the test 299 statistics as implemented in the R-package fdrtool (Strimmer 2008b The test statistics of goodness-of-fit test (Chi-square) of the p-value histograms 311 indicated deviations from the uniform distribution in both methods (Table 2 ). However, the 312 deviation in the beta binomial regression was smaller than the deviation in the binomial 313 regression and the test statistics were lower when the p-values were re-calculated with fdrtool 314 (Table 2 ). The deviations from the uniform distribution possibly indicate that our data do not 315 fit to model assumptions or problems with the raw data (Strimmer 2008a, b) . Also, methods 316 for multiple testing assume uniform distribution (Strimmer 2008a ). Therefore, we further 317 investigated the deviation from uniform distribution by filtering the potentially uninformative 318 CpGs as has been done previously on gene expression count data (Bourgon et al. 2010 ). More 319 specifically, we calculated the mean of methylated counts (i.e. Cs) for each CpG across all 320 individuals. We applied a threshold for the rank of mean methylated C counts and filtered out 321 those CpGs that were causing the deviation from the uniform distribution (Supplementary 322 figures 6 and 7) by keeping most of the significant CpGs. By removing 30% of the lowest C 323 counts we recovered p-value distribution closer to the uniform distribution and a surplus for 324 small (p<0.05) p-values ( Figure 2 , Table 1 ). The filtering was carried out using R package (Table 2) . We studied whether early-life exposure to pollution affects DNA methylation patterns in a 371 wild great tit population. We found evidence that both direct lead exposure and experimental 372 and anthropogenic pollution during post-hatching stage affect methylation levels of a small 373 number (0.25-2.1%) genes from which we were able collect data, yet there was no consistent 374 hypo or hypermethylation. The number of DMRs varied between binomial and beta binomial 375 regression to a large extent such that binomial regression was more liberal than beta binomial 376 regression. We found that genes associated with early developmental traits were 377 overrepresented among the DMRs in binomial regression potentially linking methylation 378 differences to biologically meaningful traits in birds living in polluted environments. Lehikoinen 1996, Eeva et al. 2003) . Furthermore, at the polluted site, individuals may be 414 exposed to pollutants already pre-hatching as well as during post-hatching development. We 
427
The number of DMRs between CONTROL and SMELTER were considerably higher 428 than in CONTROL-HIGH comparison probably reflecting exposure to a more stressful 429 environment, both nutritional stress and direct exposure to pollutants of various types. If the 430 observed methylation differences lead to altered gene expression at the target genes (see 431 below), they could contribute to the potential developmental problems associated with poor 432 nutrition. For example, we found that SMELTER group showed lower growth rates, higher 433 antioxidant enzyme and stress hormone levels, lower hematocrit and survival probability than 
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The other differentially methylated genes in relation to metal exposure were related to 467 (i) DNA damage: JMJD1C is a candidate histone demethylase and also plays a role in the 468 pathway DNA-damage response (e.g. Watanabe et al. 2013) . Our data suggests that its 469 methylation was decreased (theoretical expression increased) in high lead exposure compared 470 to control, which is logical given that lead exposure is likely to cause more oxidative stress Importantly, when interpreting the potential functional consequences of the observed 491 methylation differences, one needs to note that not all these genes with DMRs have been 492 characterized in birds (and annotation has been done using mainly chicken and zebra finch 493 gene models). Thus, the function of these genes is not well understood. Secondly, the link 494 between DNA methylation and gene expression is not always straightforward (Jones 2012) . 495 However, we hypothesize that differential methylation at the observed sites affects gene 496 activity and ultimately multiple cellular, developmental and physiological processes. Indirect 497 evidence for a functional interpretation is provided by a recent great tit study using whole-498 genome bisulphite and RNAseq data. This study showed that across all genes, higher CG 499 methylation at transcription start sites and within gene bodies was associated with lower gene Methodological considerations 508 We employed two commonly used methods to detect CpGs and evaluated their performance 509 using p-value histograms. Either one of these methods did not recover uniform p-value 510 histograms in our data when applied to overall coverage threshold of 10x, pointing out that 511 the p-values are not reliable as such. When we applied a filtering approach, developed for 512 gene expression count data, we were able to recover uniform distribution for both methods.
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Thus, it appears that uninformative counts i.e. low counts for methylated state can induce a 514 clear deviation from the uniform distribution. In other words, the small methylation 515 differences between treatment groups are potentially difficult to model using the two 516 statistical approaches. While we applied an overall coverage threshold of 10x to our data, it 517 seems that another filtering step is needed for C counts to recover uniform p-value 518 distribution at least in our data set. Overall, the performance of the binomial and beta 519 binomial regression reflects the outcome of previous studies on simulated and empirical data 520 sets: binomial regression has been found to be more liberal in finding CpGs as compared to In this study, we explored the environmental causes of epigenetic variation in an ecological, 529 non-model organism, which is a novel and emerging research field. We found evidence that 530 differentially methylated regions contain genes enriched for biologically meaningful 531 processes and suggest potential targets for future research. Although we used a method that 532 does not cover the whole genome, we were able to analyze methylation patterns covering 533 most of the annotated genes in great tit genome. Thus, bisulfite sequencing (RRBS) can be a 534 powerful and cost-efficient method in non-model species. However, the results were not 535 consistent between binomial and beta binomial regression, which warrants caution when 536 selecting analysis methods and interpreting results using different methods. Finally, the 537 functional consequences of variable methylation patterns found in this study are yet to be 538 discovered and a more comprehensive approach combining other molecular levels as well 539 functional studies is needed. 
